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Rayleigh scattering poses an intrinsic limit for the transparency of organic liquid scintillators. This work
focuses on the Rayleigh scattering length of linear alkylbenzene (LAB), which will be used as the solvent
of the liquid scintillator in the central detector of the Jiangmen Underground Neutrino Observatory. We
investigate the anisotropy of the Rayleigh scattering in LAB, showing that the resulting Rayleigh scattering
length will be significantly shorter than reported before. Given the same overall light attenuation, this will
result in a more efficient transmission of photons through the scintillator, increasing the amount of light
collected by the photosensors and thereby the energy resolution of the detector.
I. INTRODUCTION
Due to the large value of the neutrino mixing an-
gle θ13
1–9, the neutrino mass hierarchy (i.e. the sign
of ∆m231 or ∆m
2
32) can be determined based on an in-
terference pattern occurring in the oscillations of reac-
tor antineutrinos10–12. The Jiangmen Underground Neu-
trino Observatory (JUNO) aims at a precision measure-
ment of the reactor antineutrino spectrum at a medium
baseline of 53 km from the source to resolve this sub-
dominant effect13,14. The central detector of JUNO is
a large liquid-scintillator (LS) spherical detector with
the diameter of about 35 m. The LS will be com-
posed of linear alkylbenzene (LAB) acting as the sol-
vent, 2,5-diphenyloxazole (PPO) as the fluor and 1,4-
bis[2-methylstyry]benzene (bis-MSB) as the wavelength
shifter. Electron antineutrinos are detected via the in-
verse beta decay reaction ν¯e + p → e
+ + n. To deter-
mine the neutrino mass hierarchy, the energy resolution
of JUNO needs to be 3%/
√
Ee+ [MeV]. This requires
a minimum of 1200 photon electrons per MeV to be de-
tected by the photomultipliers (PMTs)13. Since the scin-
tillation photons generated in LS have to travel several
tens of meters to the PMTs at the verge of the detec-
tor, high transparency of the LS solvent is of uttermost
importance12.
If multiple scattering is negligible, the numbers of pho-
tons in a beam of light will be exponentially attenuated
from N0 to N after travelling a distance x in a medium,
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that is
N = N0e
−x/L,
where L is the attenuation length. The attenuation of
the scintillation light is the result of the combination of
absorption and scattering processes15, which can be de-
scribed by the following formula,
1
L
=
1
Labs
+
1
Lsca
, (1)
where Labs and Lsca are the absorption length and scat-
tering length, respectively. While absorption processes
will convert photon excitations into heat and absorbed
photons will thus be lost for detection, scattering will
change only the travelling directions of photons. As they
can still be collected by the PMTs in a 4π detector, scat-
tering does not degrade the energy resolution of the de-
tector immediately. For a given attenuation length, a
short scattering length is therefore preferable over a short
absorption length in order to maximize the light collec-
tion. The effective wavelength is shifted to the blue range
of the visible spectrum by the addition of PPO and bis-
MSB to the LS. Therefore, self-absorption by LAB is not
an issue16. The resulting spectral maximum of the scin-
tillation light is is around 430 nm, which is usually chosen
as the reference wavelength in the discussion of the light
propagation in LS. Due to the importance of optical pu-
rity, the LAB used for JUNO will undergo a number of
purification steps that will remove dust and organic im-
purities from the solvent that might otherwise feature
absorption bands in the wavelength region of interest.
Thus the light scattering in LAB will be dominated by
Rayleigh scattering.
2A direct measurement of the absorption length of liq-
uids is difficult. However, it can be indirectly determined
by measuring the attenuation and scattering lengths and
relying on Eq. (1)17. For purified LS samples, lab ex-
periments measuring the light attenuation over distances
of several meters have found attenuation lengths on the
order of 20 m at 430 nm18–20. In addition, a series
of laboratory-scale scattering experiments has been per-
formed that included results for LAB at 430 nm21. It
was found that only part of the scattered light amplitude
follows the well-known angular distribution predicted by
Rayleigh’s theory22,23, P (θ) ∝ (1 + cos2 θ). The corre-
sponding Rayleigh scattering length was determined to
40 m at 430 nm21. A remaining, isotropic component of
light scattering in the LAB sample has been attributed to
absorption/re-emission processes21. Assuming the above
results on the attenuation length of 20 m, an absorption
length of 40 m can be deduced from Eq. (1), including the
re-emission processes. However, it has been found both
theoretically and experimentally that the angular distri-
bution of Rayleigh scattering in liquids can deviate from
P (θ) ∝ (1 + cos2 θ) because of the molecular anisotropy.
Under this assumption, we re-examine the reported data
of light scattering to obtain a corrected value for the scat-
tering length and thereby the absorption length of LAB,
which are crucial to determine the energy resolution of
JUNO experiment.
In this paper, we study Rayleigh scattering of LAB.
Section II gives the theory of Rayleigh scattering in liq-
uids. Section III gives the Rayleigh scattering length of
LAB both from theory and the reported data. Section
IV gives discussions and conclusions.
II. THEORY OF RAYLEIGH SCATTERING IN LIQUIDS
Rayleigh scattering can be characterized by the volume
scattering function β(θ)24,
β(θ) =
I(θ)
I0
r2
V
, (2)
where I(θ) is the intensity of scattered light in the direc-
tion θ, I0 the intensity of incident light, r the distance
from the scattering center and V the scattering volume.
The Rayleigh scattering length lRay is the reciprocal of
the integral of the volume scattering function β(θ) over
the solid angle
lRay =
[∫∫
β(θ)dΩ
]−1
. (3)
The intensity of scattered light I(θ) can be divided into
two parts in the scattering plane
I(θ) = I‖(θ) + I⊥(θ), (4)
where I‖ and I⊥ are the parallel and perpendicular parts
of the scattering intensity, respectively. The angular dis-
tributions of the scattering intensity generally are25
I‖(θ) =
cos2 θ
2
A+
1
2
B,
I⊥(θ) =
1
2
A+
1
2
B, (5)
where A and B are the measurable quantities. The po-
larization of scattered light at 90◦ can be characterized
by the depolarization ratio δ, which is
δ =
I‖(90
◦)
I⊥(90◦)
=
B
A+B
. (6)
It is convenient to define the Rayleigh ratio R as the
volume scattering function β(θ) at 90◦,
R ≡ β(90◦) =
I(90◦)
I0
r2
V
. (7)
Then the volume scattering function β(θ) of Rayleigh
scattering is
β(θ) = R
(
1 +
1− δ
1 + δ
cos2 θ
)
. (8)
According to Eq. (3), the Rayleigh scattering length lRay
can be determined by
lRay =
[
8π
3
R
2 + δ
1 + δ
]−1
. (9)
Eq. (9) shows that Rayleigh scattering should be char-
acterized by not only the Rayleigh scattering length or
the Rayleigh ratio but also the depolarization ratio.
For isotropic liquids the depolarization ratio is zero and
the scattering length depends only on the Rayleigh ratio.
Einstein26 and Smoluchowski27 developed a phenomeno-
logical theory, which is applicable to the light scattering
in condensed isotropic liquids. If the liquid is perfectly
uniform, scattering will be completely eliminated by de-
structive interference except in the forward direction28.
However, liquids are usually not perfectly uniform. The
local density of a liquid is constantly fluctuating because
of the thermal motions of molecules. Since the local
density fluctuations are random, the scattering off these
fluctuations is incoherent and will increase the scatter-
ing amplitude. According to the Einstein-Smoluchowski
theory, the Rayleigh ratio of isotropic liquids Riso can be
expressed by
Riso =
π2
2λ4
[
ρ
(
∂ε
∂ρ
)
T
]2
kTκT , (10)
where λ is the wavelength of the scattered light, ρ the
density of liquid, ε the average dielectric constant of the
liquid, k the Boltzmann constant, T the temperature,
and κT the isothermal compressibility.
Cabannes showed that the ratio of R and Riso
satisfies29–33
R
Riso
=
6 + 6δ
6− 7δ
, (11)
3where Riso can be treated as the isotropic part of the
total Rayleigh ratio R. It is common to use empirical ex-
pressions to calculate ρ(∂ε/∂ρ)T . For organic liquids, it
was shown that the Eykman equation describes ρ(∂ǫ/∂ρ)
well34–37. The Eykman equation is38
ρ
(
∂ε
∂ρ
)
T
=
(n2 − 1)(2n2 + 0.8n)
n2 + 0.8n+ 1
, (12)
where n is the refractive index of liquid. Therefore, the
Rayleigh scattering length of organic liquids can be deter-
mined by the so-called Einstein-Smoluchowski-Cabannes
formula39
lRay =
{
8π3
3λ4
[
(n2 − 1)(2n2 + 0.8n)
n2 + 0.8n+ 1
]2
kTκT
6 + 3δ
6− 7δ
}−1
.
(13)
III. RAYLEIGH SCATTERING LENGTH AND
DEPOLARIZATION RATIO FOR LINEAR
ALKYLBENZENE
Based on the Einstein-Smoluchowski-Cabannes for-
mula, the Rayleigh scattering length of LAB can be de-
termined as a function of the incident wavelength λ and
the temperature T . The liquid parameters required are
the isothermal compressibility κT , the refractive index n
and the depolarization ratio δ.
The isothermal compressibility κT of LAB can been
derived from its density equation of state ρ = ρ(T, p) by
κT =
1
ρ
(
∂ρ
∂p
)
T
, (14)
where p is the pressure. The density equation at constant
temperature can be obtained by fitting the equation of
state40
ρ(p) = ρ0(1 +Ap+Bp
2). (15)
The density of LAB at 23◦C has been measured by
a vibrating tube densimeter41 at 8 different pressures.
The isothermal compressibility of LAB at 23◦C is
7.743±0.035×10−10Pa−1 at normal pressure42.
The refractive index of LAB has been determined for
5 different wavelengths using the V-Prism refractometer
at the National Institute of Metrology, China (Table I).
The dispersion can be parameterized by the Sellmeier
equation
n2(λ) = 1 +
B
1− C/λ2
, (16)
where B and C are the fitting parameters. The refrac-
tive index of LAB is 1.49829±0.00026 at 430 nm at 19◦C.
The change of the refractive index is less than 0.001 per
degree Celsius39, so that 1.498±0.004 will hold as a good
approximation for 23◦C. The results can be compared to
measurements by the RENO collaboration using the min-
imum deviation technique. The refractive index was de-
termined at six wavelengths in the range between 400 nm
and 630 nm at room temperature43. By fitting the above
formula to those results we obtain 1.49623±0.00180 at
430 nm, which agrees with the expectation.
TABLE I. The refractive indices for LAB measured by V-
prism refractometer, temperature is 19.2 ± 1.0 ◦C, humidity
is 48%, uncertainty U = 0.00005 (k = 3).
Spectrum line Wavelength (nm) Refractive index
F line 486.1 1.49101
e line 546.1 1.48559
d line 587.6 1.48295
D line 589.3 1.48277
C line 656.3 1.47959
Many organic liquids, such as benzene, toluene, and n-
Alkanes, have large depolarization ratios39,44–46. There-
fore the depolarization ratio of LAB is most likely not
negligible. According to Eq. (6) the depolarization ratio
δ can be obtained based on the parallel and perpendicu-
lar scattering intensities at 90◦. Therefore, it can be de-
rived from the recent scattering experiment21, in which
these intensities have been measured at 4 angles (θ = 75◦,
90◦, 105◦ and 120◦) in the scattering plane. A Roithner
Lasertechnik 430-06U LED emitting at 430 nm has been
used as an unpolarized light source. The depolarization
ratio of LAB at 430 nm can be derived from the published
data. Based on these values, the Rayleigh scattering
length can be calculated by the Einstein-Smoluchowski-
Cabannes formula.
In the scattering experiment21, the measurable quan-
tity corrected by Monte Carlo simulations is Q(θ), which
can be divided into two parts in the scattering plane.
Q(θ) = Q‖(θ) +Q⊥(θ), (17)
where Q‖ and Q⊥ are the parallel and perpendicular
parts of Q(θ). The angular distributions of Q‖ and Q⊥
are
Q‖(θ) =
cos2 θ
2
Qan +
1
2
Qis,
Q⊥(θ) =
1
2
Qan +
1
2
Qis, (18)
where Qan and Qis are the fitting parameters. The anal-
ogy between Eq. (5) and (18) indicates the anisotropy
of Rayleigh scattering in LAB. It can be shown that
Q(θ) = 4πβ(θ). The depolarization ratio can be writ-
ten as
δ =
Qis
Qan +Qis
. (19)
Moreover, the Rayleigh scattering length of LAB at 430
nm can also be obtained by
lRay =
(
2
3
Qan +Qis
)−1
. (20)
4The factors in front of Qan and Qis are originating from
the integral in Eq. (3) over the solid angle. The Rayleigh
scattering length given by Eq. (13) and Eq. (20) can be
cross-checked by each other.
Based on the values and uncertainties for Qan and Qis
given for 430 nm in the publication, the depolarization
ratio and the Rayleigh scattering length of LAB can be
determined. The results are listed in Table II. The re-
sults obtained for three different brands of LAB are in
good mutual agreement within the margin of the error.
The average depolarization ratio is 0.31±0.04, and the
average Rayleigh scattering length is 27.0±2.3 m.
TABLE II. The fitting parameters Qan and Qis, the depo-
larization ratio δ and the Rayleigh scattering length lRay of
LAB at 430 nm derived from the published experiment data
in Ref.21.
Sample Qis Qan δ lRay
10−4cm−1 10−4cm−1 m
LABP500 1.33±0.09 3.32±0.36 0.29±0.03 28.2±2.1
LABP550 1.65±0.10 3.29±0.42 0.33±0.03 26.0±2.0
LAB550Q 1.51±0.13 3.33±0.38 0.31±0.03 26.8±2.1
Using the Einstein-Smoluchowski-Cabannes formula,
the Rayleigh scattering length can be determined to
28.5±2.3 m at 23◦C, consistent with the above values.
The precision of this result is limited by the uncertainty
of the depolarization ratio, which could be improved
much by a relative measurement47. The results are sum-
marized in Table III.
IV. DISCUSSIONS AND CONCLUSIONS
For liquids featuring a negligible depolarization ra-
tio, as for instance water and liquid noble gases, the
Rayleigh scattering lengths can be determined by the
Einstein-Smoluchowski theory, without an explicit mea-
surement of the scattered light amplitude. This approach
is widely used in noble liquids detectors for solar neutri-
nos and dark matter searches48 as well as for the water
in Cherenkov detectors for atmospheric neutrinos. How-
ever, the depolarization ratio can not be neglected in the
case of organic liquids like LAB. The non-zero depolariza-
tion ratio allows for both isotropic and anisotropic con-
tributions to the Rayleigh scattering amplitude of LAB.
In this work, the Rayleigh scattering length of
LAB has been obtained not only by the use of the
Einstein-Smoluchowski-Cabannes formula but also by
re-evaluating the data from previous scattering exper-
iments. Both results are in good agreement within the
margin of error. The resulting Rayleigh scattering length
of LAB at 430 nm is about 30 m. It is therefore substan-
tially shorter than the value of 40 m reported earlier21.
This difference is mainly caused by the fact that only
part of the observed scattering amplitude following a
(1+cos2 θ) dependence was interpreted as Rayleigh scat-
tering in the previous study, while the remaining part
was ascribed to absorption/re-emission processes. How-
ever, the absorption of LAB is expected to be very weak
for wavelengths longer than 340 nm16. Thus for photons
with wavelength of 430 nm the absorption/re-emission
process in pure LAB should be negligible compared to
Rayleigh scattering process.
Based on an attenuation length of 20 m in LAB at 430
nm20, an absorption length of 60 m can be obtained for
a Rayleigh scattering length of 30 m21. Simulations have
shown that the energy resolution of the central detector
of JUNO can reach 3%/
√
Ee+ [MeV] under these circum-
stances, thus satisfying the requirements for a measure-
ment of the mass hierarchy in JUNO49. The central de-
tector of JUNO will be by far the largest neutrino detec-
tor using a target of organic liquid scintillator, surpassing
all present-day liquid-scintillator detectors by at least a
factor 20 in mass. Our study can also be useful for future
large scale detectors upwards of 50 kilotons, such as the
LENA experiment50.
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